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Abstract 
A conceptual design study was performed to quantitatively evaluate a range of solar augmented steam cycle design options for 
natural gas combined-cycle (NGCC) and pulverized coal power plants. Solar augmented steam cycle options were modeled for 
two direct steam generation (DSG) solar technologies: 500°C line-focus (parabolic trough or linear Fresnel reflector) and 565°C 
central receiver. Fossil-fuel power plant designs included NGCC with duct firing and subcritical pulverized coal. All of the 
conceptual designs utilized steam generated by a solar field to offset some of the fossil fuel required to generate power. The 
performance of multiple integration options was evaluated using thermodynamic models to provide a quantitative comparison of 
plant retrofit design options. Based on the available steam conditions for the DSG technologies and the results of past modeling 
studies, solar steam was assumed to be integrated with the main steam supply at the exit of the heat recovery steam generator 
superheater for the NGCC plant. For the pulverized coal plant, solar steam was integrated into the main steam header after the 
superheater. Steam integration at these high temperature points in the Rankine cycle is the most thermodynamically optimal 
design. For both plant types, feedwater was extracted from the boiler feedwater pump discharge. Using the thermodynamic 
analysis results, the solar augment potential across nearly half of the U.S. states was estimated for existing coal and gas plants 
that met certain age, solar resource, land availability and other criteria. The gigawatt (GW) deployment potential for DSG solar 
technologies was compared to the equivalent potentials for previously analyzed oil-based parabolic trough and molten salt central 
receiver technologies [1]. Solar use efficiency and plant heat rate improvement were the primary metrics used to compare the 
relative performance of the solar technology options. The deployment potentials were significant, particularly for the 
technologies with the highest solar steam temperatures. If line-focus DSG technologies can successfully achieve temperatures 
approaching 500°C (932°F), this study indicates that the solar augment potential is nearly double the capacity estimates for lower 
temperature troughs. Over 25 GW of solar augment capacity was estimated in the U.S. Compared to nominally 200 MW of 
worldwide solar augment capacity in operation today, the study indicated a considerable opportunity for solar augment 
applications to play a role in the total energy mix. 
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1. Introduction 
Solar thermal augmentation combines solar power with conventional generators—typically natural gas-fired or 
coal-fired—which allows the fossil-fuel plant to operate more cleanly and efficiently while improving the 
dispatchability and value of solar power. Existing and planned projects incorporate a range of solar technologies, 
fossil plants and integration designs. The majority of projects use conventional parabolic trough technology, 
although a few have selected linear Fresnel reflector (LFR) and central receiver technology. Most central receiver 
technologies are capable of higher-temperature steam generation and are typically a better match for fossil plant 
steam cycle conditions, enabling high efficiency. LFR has thus far only been employed and proposed for feedwater 
heating applications, which is considered minimally invasive compared to high-temperature and pressure steam 
integration strategies. Total solar augmentation capacity worldwide is approximately 200 MW. 
 
Nomenclature 
DSG direct steam generation 
LFR  linear Fresnel reflector 
NGCC natural gas combined-cycle 
GW gigawatt 
MW megawatt, electric (e) or thermal (th) 
MWh megawatt-hour 
GIS geographic information system 
DNI direct normal irradiance 
ISCC integrated solar combined-cycle 
1.1. Project overview 
Over the past five years, the Electric Power Research Institute (EPRI) conducted several studies to identify and 
evaluate the technical and economic viability of solar augmentation options for natural gas and coal plant designs. 
Conceptual design analyses in 2010 included thermodynamic modeling of conventional synthetic oil-based parabolic 
trough, molten salt central receiver and direct steam linear Fresnel reflector technologies [2,3]. The analyses 
considered the potential for solar steam integration into a natural gas combined-cycle (NGCC) plant and a pulverized 
coal plant and assessed the merits of potential integration options. These studies excluded integration of high-
temperature LFR, direct steam parabolic trough and direct steam central receiver technologies, which were 
considered at the time to be less mature in terms of commercial development.  
 
In 2011, EPRI worked with NREL to estimate the solar augment potential of the U.S. fossil generation fleet [1]. 
Initially plants in 16 southern states were studied, and oil-based parabolic trough and molten salt central receiver 
were the only CSP technologies considered. More recently the original study was expanded to include coal and 
natural gas combined-cycle power plants in 22 states (AL, AR, AZ, CA, CO, FL, GA, ID, KS, LA, MS, NC, NE, 
NM, NV, OK, OR, SC, TN, TX, UT, WY) and to estimate the solar augment potential for two direct steam 
generation (DSG) CSP technology options: DSG line-focus (representing either parabolic trough or linear Fresnel 
reflector) and DSG central receiver. Each fossil plant was evaluated and rated in terms of its potential to utilize heat 
from a solar field to produce power. The relative solar augment potentials for oil-based trough, molten salt central 
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receiver, DSG line-focus and DSG central receiver technologies were compared. Figure 1 shows the locations of the 
natural gas combined-cycle (triangles) and pulverized coal (squares) plants that were evaluated.  
 
 
Fig. 1. Coal and NGCC plants analyzed in 22 states. See text for explanation of symbols. Figure from NREL’s Solar Power Prospector Webtool. 
The study objective was to provide relative appraisals of each plant’s suitability for solar augmentation. Gray 
shaded markers indicate that a plant does not meet a minimum set of criteria. The red, orange, and yellow markers 
represent Excellent, Good, and Fair solar augment plant ratings, respectively. While a more detailed plant analysis 
would be required to determine a plant’s true capability to absorb solar thermal input, these ratings are intended to 
provide utilities with an approximation of the potential solar thermal capacity that could be integrated into their 
existing fleet. The study also provides valuable estimates of the total potential contribution of hybrid solar-fossil 
facilities in the U.S., and the relative potential contributions from several different solar thermal technology options.  
1.2. Approach 
Detailed models were developed using IPSEpro modeling software. Similar to prior models developed for 
oil-based parabolic trough and molten salt central receiver, the conceptual models integrated steam from DSG 
line-focus (parabolic trough or LFR) and DSG central receiver systems into the steam cycles of natural gas 
combined-cycle with duct firing and subcritical pulverized coal plants. The basic operating characteristics of these 
plants and the potential for integrating solar thermal energy into the existing plant steam cycles were assessed.  
 
Simulations were conducted for different ambient conditions, including temperature and pressure, and for a range 
of solar thermal input levels. The results of these model simulations were analyzed to determine the solar use 
efficiency and heat rate as a function of solar thermal input and ambient conditions. Solar use efficiency was defined 
as the number of electric megawatts (MWe) generated from solar energy divided by the solar thermal input to the 
plant as thermal megawatts (MWth). Heat rate improvement was calculated as a percentage change in heat rate 
between the plant without solar integration and the plant with solar integration, both operating with the same gross 
output. For each plant design, a mathematical function was developed to predict the performance and maximum 
solar input as a function of several variables, including plant equipment capacities, plant elevation, and ambient 
temperature. 
 
Plant evaluations were conducted through the following steps: 
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x Identified all operating, under construction, and planned pulverized coal and NGCC power plants in 22 states. 
Publicly available data on plant age, unit capacity, capacity factor, available adjacent land, and land topography 
were compiled. Only NGCC plants with excess steam turbine capacity (typical for plants with duct burners) were 
analyzed; it is generally not practical to back off the combustion turbines in order to accommodate the solar 
steam. For coal plants, the model assumed that coal-firing would be reduced in order to accommodate the solar 
steam; excess capacity in the steam turbines is not necessary. Plants that did not meet a minimum set of criteria 
were not considered further. Table 1 summarizes the ranking criteria, ranges, and weightings. 
Table 1. Ranking criteria. 
Category Considered range: low end Considered range: high end Weight 
Plant age (years) 30 0 5% 
Average annual capacity factor (%) 15% >50% 20% 
Annual DNI (kWh/m2/day) 4.0 >7.0 35% 
Land availability (acres/fossil MW) 0.05 >0.65 15% 
Land topography (% slope) 5 <1.5 15% 
Solar use efficiency (%) <30% >38% 10% 
x Plants that passed the initial screening were analyzed by NREL using ArcMap Geographic Information System 
(GIS) software to determine annual average direct normal irradiance (DNI), topography, and the amount of land 
available. Contiguous parcels of land were identified within a 3-km radius of the power plant; previous EPRI 
studies have shown that solar fields located further from the plant power block have significantly higher capital 
cost, greater thermal losses and higher auxiliary loads associated with pumping fluid long distances. Land was 
also filtered to exclude developed land, wetlands, open water, impervious surfaces (i.e., buildings and structures, 
roadways, etc.), and area with slope greater than 5% [4]. Sites not meeting the minimum solar resource and land 
requirements were classified as Not Considered. 
x Qualifying sites were analyzed using high level solar augment performance models developed in EPRI’s earlier 
studies [2,3]. The maximum amount of feasible solar integration was determined for each unit, either based on 
the amount of land available or physical plant limits determined in the earlier studies (e.g., spare steam turbine 
capacity, steam turbine generator throttle pressure, various piping system or heat recovery steam generator design 
pressures, turbine inlet temperature, etc.). For plants that were not limited by the amount of land available, the 
field was sized with a solar multiple of 1.2 over the maximum amount of solar thermal input the plant could 
accept. While a solar multiple greater than one results in defocusing some mirrors during peak periods of 
insolation, it results in more hours per year when the plant operates near full solar capacity. For plants with a 
limited amount of land, it was assumed that the newest units would receive the maximum augmentation based on 
the largest solar field achievable. Each plant was analyzed to maximize annual solar output by inputting as much 
solar steam as possible. The solar use efficiency and heat rate improvement was calculated for each unit. Using 
the solar use efficiency estimate and plant capacity data, the maximum solar fraction was then calculated. Both 
oil-based parabolic trough and molten salt central receiver CSP technologies were evaluated for every plant, and 
a subset of plants was analyzed for line-focus DSG and central receiver DSG technologies. Based on past EPRI 
thermodynamic evaluations of solar augment potential at multiple plant sites, the conceptual model estimates for 
solar fraction are likely conservative. Modeled results indicated solar fractions up to 15% and 60% were feasible 
for oil-based trough and molten salt central receiver applications, respectively. Note that land usage for the line-
focus DSG technology category was assumed to be the same as oil-based parabolic trough. Linear Fresnel 
systems typically have a smaller footprint than trough plants and potentially could produce more energy; 
however, this was neglected in the current analysis where less than 10% of projects were land-limited. 
x Created a qualitative ranking of solar-augment potential for each power plant ranging from Excellent to Not 
Considered. Ranking was based on augmenting the unit(s) at each power station with the highest potential for 
solar integration. 
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x Summarized and totaled the potential solar capacity (MWe) and annual solar energy generation (MWh) made 
possible through solar thermal integration for oil-based trough and molten salt central receiver. The equivalent 
solar augment potentials for the DSG line-focus and central receiver technologies were estimated by evaluating 
the solar augment potential for a representative subset of plants, and then scaling the results to estimate the total 
potentials for DSG technologies in the 22 states. 
x Incorporated the ranked database of plants into NREL’s Solar Power Prospector webtool. 
 
For more details about the ranking criteria that were employed see [1]. 
2. Integrated plant design 
2.1. Solar technology overview 
CSP technologies are based on the concept of concentrating DNI to produce steam used in electricity generating 
Rankine cycles. The CSP systems under consideration use glass mirrors that continuously track the position of the 
sun while reflecting its solar radiation energy onto a receiver containing fluid. The absorbed solar energy can be 
harnessed and transferred in two ways—indirectly and directly. One method uses a heat transfer fluid which absorbs 
solar radiation energy and transfers the heat to water via a series of solar steam generator heat exchangers, thus 
indirectly producing steam. Another method eliminates the intermediate heat transfer process by circulating water 
directly through the concentrated solar radiation path, thus directly producing steam. The indirect method is common 
to all existing commercial parabolic trough plants, which make up the majority of CSP applications today. 
Nevertheless, directly producing steam has its advantages when applied to certain technologies in certain 
applications and was the focus of evaluation in the current study. Most of the central receiver and LFR projects 
under development will utilize direct steam generation. Four CSP technologies were analyzed in the analysis: 
x Parabolic trough using synthetic oil heat transfer fluid 
x Central receiver using molten salt heat transfer fluid 
x Line-focus (linear Fresnel reflector or parabolic trough) using direct steam  
x Central receiver using direct steam  
 
The steam conditions produced by the solar fields were selected to match the typical steam pressure conditions 
expected in the fossil power plant at the point of integration. These conditions ranged from temperatures of 371°C 
(700°F) to 565°C (1049°F), based on solar collector capability, and pressures of 110 bar (1595 psi) and 165 bar 
(2,393 psi) for NGCC and coal applications, respectively (Table 2). 
Table 2. Steam conditions and integration points for solar-augment. 
Solar technology Fossil technology Preferred integration point Solar steam conditions 
Oil-based parabolic trough 
Coal Before superheaters 165 bar, 371°C 
NGCC Before superheaters 110 bar, 371°C 
Molten salt central receiver 
Coal After final superheater 165 bar, 538°C 
NGCC After final superheater 110 bar, 538°C 
DSG line-focus (trough or LFR) 
Coal After final superheater 165 bar, 500°C 
NGCC After final superheater 110 bar, 500°C 
DSG central receiver 
Coal After final superheater 165 bar, 565°C 
NGCC After final superheater 110 bar, 565°C 
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2.2. Integration options and solar use efficiencies for integrated solar combined cycle plants 
Previous EPRI studies surveyed and modeled multiple solar integration options. These studies determined that 
the thermodynamically optimal integration of solar heat delivered to an NGCC, or integrated solar combined cycle 
(ISCC), is a system that replaces latent heat input from the HRSG at the highest possible temperature and pressure. 
However, not all CSP technologies and heat transfer fluids evaluated are capable of achieving the best solar use 
efficiency due to fluid or collector temperature and pressure limitations that make integration into the high pressure 
(HP) HRSG impractical. The previous studies evaluated integration options designed to observe commercially 
available CSP operating conditions, some of which resulted in lower solar use efficiency. Specifically, HP slightly 
superheated steam at ~371°C (700°F) tied into the inlet of the HRSG HP superheater was evaluated with solar use 
efficiencies of 30% to 41.5%, and intermediate pressure (IP) superheated steam at ~371°C (700°F) tied into the cold 
reheat system was evaluated with solar use efficiencies of 24% to 27%. These options, however, do not reflect the 
most effective thermodynamic integration strategies and also generate a lower percentage of solar MWh relative to 
other integration designs. 
 
The current study considered DSG CSP technologies capable of producing steam conditions of 500-565°C (930-
1050°F) and up to 110 bar (1595psi), consistent with a throttle steam temperature of 500°C (932°F) and pressure of 
110 bar (1595psi), which is the thermodynamically optimal integration point. Central receiver CSP technology has 
the highest likelihood of achieving such steam conditions in the near term, whether DSG or molten salt is employed. 
However, it is feasible to reach these conditions with line-focus (parabolic trough or LFR) technology, and this 
study evaluates the comparative advantage of producing these steam conditions relative to previously determined 
results for lower solar steam temperature integrations. 
 
Solar use efficiencies of ~38-46% can be achieved by generating typical HP turbine throttle condition steam in 
the solar field. In a NGCC plant, this efficiency range assumes that 100% of the reheat duty would be handled by the 
HRSG and feedwater would be supplied at low pressure (LP) drum temperatures. 
2.3. Integration options and solar use efficiencies for pulverized coal augmentation 
As with the ISCC studies, the thermodynamically optimal integration of solar heat into a pulverized coal plant is 
a system that replaces latent heat input from the boiler at the highest possible temperature and pressure. The 
previous studies evaluated integration options designed to observe commercially available CSP operating 
conditions, some of which resulted in lower solar use efficiency. Specifically, HP slightly superheated steam at 
~371°C (700°F) tied into the boiler drum outlet header(s), upstream of the primary superheater was evaluated with 
solar use efficiencies of 30% to 42%. Intermediate pressure (IP) superheated steam at ~371°C (700°F) tied into the 
cold reheat system was evaluated with solar use efficiencies of 25% to 28%. These options, however, do not reflect 
the most effective thermodynamic integration strategies and also generate a lower percentage of solar MWh relative 
to other integration designs. 
 
The current study considered DSG CSP technologies capable of producing steam conditions of 500-565°C 930 (-
1050°F) and 165 bar  (2400psi), consistent with a throttle steam temperature of 538°C (1000°F) and pressure of 165 
bar (2400psi), which is the thermodynamically optimal integration point. Like for NGCC applications, the central 
receiver has the highest likelihood of achieving such steam conditions in the near term, whether DSG or molten salt 
is employed. However, it is feasible to reach these conditions with line-focus (parabolic trough or LFR) technology. 
 
Solar use efficiencies of 38% to 45% can be achieved by generating HP turbine throttle condition steam in the 
solar field. This efficiency assumes that 100% of the reheat duty would be handled by the coal-fired boiler and 
feedwater would be supplied at either the economizer inlet temperature or the temperature at the boiler feedwater 
pump discharge. 
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2.4. Solar augmentation design selection 
DSG line-focus and central receiver technologies with the ability to produce high temperature, high pressure 
steam for direct integration with fossil steam cycles were selected for this analysis. Based on the available steam 
conditions for these technologies and the results of past EPRI analyses, the integration points for this study were 
assumed to be that shown in Table 2. 
 
Steam integration at these points is the most thermodynamically optimal design selection. For both plant types, 
feedwater was extracted from the boiler feedwater pump discharge. For NGCC plants, the source is HP drum 
feedwater. Design considerations and selection for this analysis were made solely on thermodynamic performance, 
and did not consider economics or technology readiness. 
3. Results 
The net impact of employing DSG systems relative to oil- and molten salt-based systems was estimated for the 
380 GW of fossil-fired plants analyzed across the 22 states. DSG line-focus technologies showed substantial 
increases in solar use efficiency and heat rate improvement compared to oil-based trough. Values for DSG line-focus 
approached those of the central receiver technologies due to the high temperature and pressure steam integration 
capability. Additionally, the slightly higher steam temperature for the DSG central receiver technology resulted in 
modest heat rate improvement and higher solar use efficiency than the molten salt central receiver. Overall in the 22 
states examined, application of DSG line-focus rather than oil-based parabolic trough is estimated to nearly double 
the total solar capacity from 12.8 GWe to 23.9 GWe. DSG central receiver applications might be expected to hold 
25.2 GWe, a 2.1% increase over the 24.7 GWe capacity estimated for molten salt central receiver. Individual state 
findings for DSG central receiver are summarized in Figure 2. 
 
 
 
Fig. 2. Potential solar augment capacity by state for DSG central receiver. 
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While none of the plants in Texas were classified as Excellent, the state has the greatest solar augment potential 
due to its good solar resource and numerous fossil power plants. The sunny southwest holds all of the Excellent sites, 
but every state has at least one Good site. Aggregate results by CSP technology are depicted in Table 3. 
Table 3. Estimated aggregate solar augment potential for 22 states. 
Solar technology Fossil technology Solar capacity (MWe) 
Oil-based parabolic trough 
Coal 4,717 
NGCC 8,048 
Molten salt central receiver 
Coal 15,349 
NGCC 9,325 
DSG line-focus (trough or LFR) 
Coal 14,780 
NGCC 9,086 
DSG central receiver 
Coal 15,654 
NGCC 9,530 
 
For the modeled solar-augmented NGCC configurations the total thermal input to the cycle was relatively 
constant across the different solar technologies, and solar use efficiency increased gradually with temperature. This 
led to nearly linear results for total solar augment potential as a function of solar steam temperature. In contrast, 
solar-augmented coal results showed a significant jump in the maximum solar input to the cycle between the low-
temperature oil-based parabolic trough and the three higher temperature solar technologies. The lower temperature 
steam for the oil-based trough affected the boiler’s duty shifting capability and the inlet temperatures and pressures 
of the main steam and reheat steam at relatively low solar thermal input to the cycle. The total solar augment 
potential for the three higher temperature technologies was more than twice as large than for oil-based trough, both 
because physical equipment limitations were not reached until much higher solar thermal input levels and also 
because solar use efficiency increased with temperature. 
 
The analysis reconfirmed that solar technologies that can achieve higher temperatures offer greater performance 
benefits and allow higher solar contributions. The highest thermodynamic performance was observed in all cases 
with solar steam integrated at the highest feasible temperature and pressure points in the steam cycle. For natural gas 
combined-cycle plants, high pressure and temperature integration into the HRSG was the preferred option for both 
the DSG line-focus and central receiver technologies. For coal plants, integration with the main steam header after 
the superheater was preferred. It was determined that each of the DSG technologies integrated at this optimal 
condition produced similarly advantageous solar use efficiency and heat rate improvements over previous 
evaluations with lower temperature and/or pressure integration. The best performance and greatest solar 
contributions were seen in the high-temperature central receiver cases. Relative to molten salt central receiver 
performance, the DSG central receiver showed a slight improvement in solar use efficiency, largely due to the 
removal of the heat transfer fluid-to-steam heat exchanger.  
 
Cost and technology readiness levels were not considered in the analysis, but both are important factors in the 
technology selection process on a project by project basis. It should be noted that for all retrofit applications, the 
preferred integration option is extremely site-specific. Factors such as the solar field configuration, site preparation 
requirements, climate, and existing plant equipment characteristics can all result in significant differences in the cost 
and performance of an integrated plant. EPRI’s latest analyses [5,6,7] indicate that solar-augmentation of fossil 
power stations is not cost-effective based purely on the cost of energy. However, relative to standalone photovoltaic 
and CSP applications that do not include a storage component, solar augment applications have the unique ability to 
provide firm, dispatchable power to the grid. For energy companies working toward renewable energy goals, 
augmenting existing fossil assets with solar capacity may be an attractive option. 
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